The viscoelastic properties of the cytoplasm of living yeast cells were investigated by studying the motion of lipid granules naturally occurring in the cytoplasm. A large frequency range of observation was obtained by a combination of video-based and laser-based tracking methods. At time scales from 10 ÿ4 to 10 2 s, the granules typically perform subdiffusive motion with characteristics different from previous measurements in living cells. This subdiffusive behavior is thought to be due to the presence of polymer networks and membranous structures in the cytoplasm. Consistent with this hypothesis, we observe that the motion becomes less subdiffusive upon actin disruption. DOI: 10.1103/PhysRevLett.93.078102 PACS numbers: 87.80.Cc, 05.40.Jc, 46.35.+z The unravelling of the complex machinery of a living cell is currently receiving substantial attention [1] . An important constituent of this machinery is the cytoskeleton which has a key role in many cell functions, such as regulation of cell shape, cell motility, division, and intracellular transport. Networks of cytoskeletal polymers have been studied in vitro [2 -5], and living cells have been addressed through microrheology experiments [6 -9]. Still, the physical properties of the in vivo cytoskeleton remain to a large extent unknown.
The viscoelastic properties of the cytoplasm of living yeast cells were investigated by studying the motion of lipid granules naturally occurring in the cytoplasm. A large frequency range of observation was obtained by a combination of video-based and laser-based tracking methods. At time scales from 10 ÿ4 to 10 2 s, the granules typically perform subdiffusive motion with characteristics different from previous measurements in living cells. This subdiffusive behavior is thought to be due to the presence of polymer networks and membranous structures in the cytoplasm. Consistent with this hypothesis, we observe that the motion becomes less subdiffusive upon actin disruption. The unravelling of the complex machinery of a living cell is currently receiving substantial attention [1] . An important constituent of this machinery is the cytoskeleton which has a key role in many cell functions, such as regulation of cell shape, cell motility, division, and intracellular transport. Networks of cytoskeletal polymers have been studied in vitro [2 -5] , and living cells have been addressed through microrheology experiments [6 -9] . Still, the physical properties of the in vivo cytoskeleton remain to a large extent unknown.
In this work, we probe the mechanics within a living cell on the nanometer scale. We study the fission yeast Schizosaccharomyces pombe, which is characterized by a stiff cell wall that is responsible for the cell shape and resistance to deformation. Thus, the mechanics of the cells studied here differ from that of the soft cells used in previous microrheology studies [8, 9] .
In order to investigate the viscoelastic properties of the cytoplasm and the contribution of the cytoskeleton to those properties, we monitored the motion of small lipid granules that occur naturally in the cytoplasm. The granules are highly refractive, almost spherical, and filled with lipids [10] . The granules vary in size with a typical diameter of 300 nm, whereas the whole cell is 12 m long and 4 m wide. The granules are embedded in the cytoskeleton, which consists of a sparse microtubule network [11] and actin filaments [12] . Fluctuations of a granule position may be limited by the polymer networks of the cytoskeleton. We therefore performed experiments in both intact cells and cells in which the actin network was disrupted. In light microscopy the granules appear as small black spheres ( Fig. 1 ) that move in a seemingly random fashion. By combining optical tweezers and video-based image analysis, a wide frequency range of observation was covered, from 0.01 Hz to above 10 kHz.
Biological specimen.-S. pombe cells were grown for 12 -14 hours at 30 C on plates containing AA medium [13] . The cells were then transferred to a perfusion chamber in a liquid medium where they firmly adhered in a monolayer to a poly-L-lysine-covered glass coverslip. This immobilization assured easy observation and minimized drift. Experiments were performed on cells in interphase. In order to disrupt actin filaments, the cells were treated with 50 M Cytochalasin D (CD) in 1% dimethyl sulfoxide (DMSO) for 15-60 minutes. Control cells were treated with 1% DMSO for 15-60 min.
Optical tweezers (OT) experiments.-The optical trap was formed by a focused laser beam from a Nd:YVO 4 laser within an inverted microscope [14] . A granule inside a cell was optically trapped in a very weak laser trap with a trap stiffness of 5 10 ÿ3 pN=nm, and its motion was detected by a Si-PIN quadrant photodiode in the back focal plane. This technique is nearly noninvasive; we estimated the laser power in the sample to be 20 mW and hence the heating effect of the trap <1 C [15] . The sampling rate was 22 kHz and the spatial resolution 1-2 nm.
Multiple particle tracking (MPT).-The motion of granules in the cell was also detected by video-based image analysis with a sampling rate of 25 frames=s. A correlation algorithm was used to determine the displacement of individual granules at subpixel resolution [16] . The spatial resolution of this method was <10 nm, esti- 
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078102-1 0031-9007=04=93 (7)=078102 (4) mated as the variance of the distance between two immobilized polystyrene spheres of a size similar to that of a granule. In order to correct for the possible movement of the frame of reference (the cell or the whole chamber), the displacement of the outline of the cell was subtracted from the displacement of the granule. During a typical MPT measurement of 2 -3 min, a granule moved 100 -300 nm, whereas the whole cell moved about 20 nm. Both small and large excursions of the granules could be tracked.
Analysis of motion.-In order to classify the motion of a particular granule, time series of its positionrt xt; yt were recorded. From the measured positions we calculated the mean squared displacement (MSD), hjrtj 2 i, where t is now time lag. The average was taken over time within a single trajectory. Evaluation of a ''distinct mean squared displacement'' based on twopoint microrheology [17] agreed with the normal MSD for an example of four granules in one cell, indicating that the normal MSD was not affected by variations in the granule shape and size, or by the inhomogeneity of the medium.
Theoretically, the mean squared displacement of a diffusing particle varies with time as
where the exponent distinguishes the type of diffusion encountered; 1 indicates normal Brownian diffusion, < 1 indicates subdiffusion, and > 1 indicates superdiffusion [18, 19] . The Fourier transform of the position obtained by OT, xf;ỹf, leads to the power spectra of the granule's position P x f; P y f where P x f hjxfj 2 i and P y f hjỹfj 2 i. If the motion of a granule is described by a generalized Langevin equation with a timedependent friction coefficient, the power law variation hjrtj 2 i / t results in a similar power law of the power spectra P x f; P y f:
where the parameters and k are fitting parameters. The recorded experimental power spectrum differs from P i f of Eq. (2) due to artifacts of the data-acquisition system. By accounting for those, we can achieve a precise determination of using all data out to the Nyquist frequency:
In the high frequency range, the position detection system acts as a filter [20] . Also, other filters in the dataacquisition electronics and aliasing must be taken into account [21] . In order to extract statistical errors on the parameters obtained, we fitted to ''blocked'' data points with known standard deviation [21] , using a modification of the computer codes from Ref. [22] . For the granule in water, the power spectrum shows a corner frequency (f c ) due to the optical trapping, which was found to be within the fitting frequency range (200 Hz -11 kHz). The fit to the data of the granule in water had four free parameters: f c , , k, and the effective filtering frequency of the data-acquisition system (f da ). For granules inside the cell, f c was found below the fitting range, at frequencies <10 Hz. The fit to the data of the granule inside the cell thus had only three free parameters: , k, and f da . In the results presented below, the value of obtained for a population of granules is given as mean value standard error on the mean.
Results.-As a control, granules that diffused out of a cell lysed with enzymes were analyzed. Each of these granules was optically trapped in water and was expected to exhibit normal Brownian motion in the trap. This was verified, as we found 1:004 0:0003 (N 23 granules). In contrast, optical tweezers measurements on granules inside the living cells gave 0:737 0:003 (N 266). This value of is close to the exponent of a particle performing subdiffusive motion within a semiflexible polymer network [23, 24] . Figure 2 shows power spectra of OT data both from a granule diffusing in water and from a granule moving inside a living cell. The difference in slope above 1 kHz, and thus in , is clearly visible. Figure 3 shows hjrtj 2 i as a function of time for granules analyzed by OT (short-time-lag part of the data) and by MPT (long-time-lag part of the data). The two independent experimental measurement procedures do not overlap in the frequency interval. However, Fig. 3 indicates that the MPT data are a reasonable extension of the OT data. A dominant slope of order 0.75 shows that a typical granule performs subdiffusion over a large range of time scales. At all time scales the exponent is, to a 
078102-2 078102-2 good approximation, normally distributed in a population of granules, as summarized in Table I .
To address the origin of the observed subdiffusive motion, we performed experiments in which actin filaments in living cells were disrupted by CD. If actin filaments restrict the motion of the granules, disruption of the actin network should induce a shift in the granule motion towards normal diffusion, which can be measured by an increase in . In OT measurements on cells treated with CD, the exponent was found to be 0:755 0:006 (N 52). The value of measured in the same set of cells before treatment was 0:734 0:004 (N 59, a subset of N 266 from Table I , first row). These values of come from the fits with a goodness of fit [25] larger than 10%, which was the case for 89.9% of the total fits. The goodness of fit decreased substantially when the data were fitted with a fixed 0:75, suggesting that it is possible to discern small differences in ; see [26] . A student's t test [25] showed that the untreated and the CDtreated sample are significantly different, i.e., that they could have the same mean with a probability p < 0:01. Since cell-to-cell variation in exponents is rather large, we also compared the mean exponent for each cell before and after the CD treatment using a paired t test [25] , which yielded the same result (p < 0:01). Control experiments where cells were treated similarly but without CD did not show a significant change in (p 0:4). The increase in following CD treatment is consistent with findings in [8, 27] . No anisotropy with respect to the cell axes was detectable in the motion of the lipid granules either before or after the treatment with CD. When the cells are placed in water for a prolonged period, vacuoles fuse in response to osmotic stress [28] . This was utilized to perform an additional control measurement: We measured 0:99 0:02 and 0:98 0:02 in cells placed in water. This corresponds to a normal diffusion of the granules, presumably within a fluid-filled vacuole.
For a particle embedded in a semiflexible polymer network, hjrtj 2 i is expected to display a plateau ( ' 0) at long-time lags, where the particle is elastically trapped in the network [23] . Also, the confinement of a granule between larger cell organelles would result in a plateau in hjrtj 2 i. For N 8 granules ( 15%), we observed a flattening of the MSD curve, consistent with the onset of a plateau at times 1-10 s, e.g., Fig. 3 (᭹) . There was a large variation between individual granules with respect to whether they showed a MSD plateau or not at the time scale of our experiments, and a 10-fold variation in the plateau value among those that did. This variation could be due to a variation in the granule size and in the local properties of the cytoplasm, i.e., filament length and density, as well as the density of cross-linkers [29] .
At the longest time lags, the filaments of the network disentangle and the system behaves like a viscous fluid. This fluid behavior of the cytoplasm with ' 1 was observed in N 6 granules ( 12%), which exhibited normal diffusion, e.g., Fig. 3 (4) . Furthermore, N 3 granules ( 6%) performed superdiffusion for more than one decade of time. This superdiffusive motion could be caused by local cytoplasmic flow, by molecular motors, or by polymerization forces.
Discussion.-The observed subdiffusive motion of granules in the cytoplasm of a living yeast cell is probably caused by the granule being embedded in a protein polymer network, or mechanically coupled to other structures with similar bending modes, e.g., membrane stacks or vesicles inside the cell. The value ' 0:75 found here in a large window of time lags is similar to that measured in the cytoplasm of higher eukaryotic cells for small time lags ( ' 0:70) [8] or for large time lags [7] . But also significantly smaller values have been found in higher eukaryotic cells: For beads attached to the surface of cells, ' 0:17 [27] , and for granules in the cytoplasm, ' 0:2 at large time lags [8] . This indicates that the viscoelastic landscape of the yeast cell may be quite different from that of higher eukaroytic cells and more consistent with the physical properties of in vitro actin networks [2] . Since cells with disrupted actin filaments showed only a slight increase in , other cytoplasmic structures, such as intracellular membranes and other polymer networks, are suggested as the main causes of the restriction of motion. Further experiments to explore the origin of the different types of motion found here could include blocking of adenosine-triphosphate-driven activity to test for possible active transport by molecular motors.
For an object embedded in a complex fluid, a generalized Stokes-Einstein equation relates hjrtj 2 i to the storage modulus G 0 and the loss modulus G 00 of the bulk complex fluid [30] . For this approach to be valid, the particle must be rigid and spherical, which is satisfied by the lipid granules, and the medium must be well approximated by an infinite isotropic viscoelastic continuum, where inertia can be neglected. The infinity condition does not hold here because of the existence of the cell wall at a distance of 1-10 particle diameters away from the particles. Further, corrections due to the two-fluid medium composed of a protein network and the solvent may be needed at low frequencies [31] , as well as corrections due to the crossover between affine and nonaffine deformations [32, 33] . However, using this approach on a typical granule that does not exhibit superdiffusion and is more than 1 m away from the cell wall yields moduli G 0 f and G 00 f that both vary as f 0:75 for over five frequency decades. The loss modulus G 00 f dominates for f > 0:2 Hz, G 00 f ' 1 Paf=1 Hz 0:75 .
Summary.-The viscoelastic properties of the cytoplasm in living yeast cells were studied in a large frequency window. The mean squared displacement of lipid granules increased with time roughly as t 0:75 from below 10 ÿ4 to 100 s, indicating an unvarying subdiffusive behavior over a large range of time scales, in contrast to earlier observations in living cells [8] . At larger time lags examples of other types of motion, such as confined and superdiffusive motion, were observed, reflecting a part of the complex dynamics of a living cell.
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